The southwest Taiwan fold-and-thrust belt is forming on the outer shelf and slope of the Eurasian continental margin. It comprises a roughly N-S striking, west verging imbricate thrust system that has been developing since the Late Miocene. Here we present the results of new surface geological mapping from which we construct balanced and restored cross sections and along-strike sections. From these we compile maps of the basal thrust, thrust branch lines and, where possible, stratigraphic cutoffs. To interpret the structure in the subsurface and beneath the basal thrust, we use a P wave velocity of 5.2 km/s as a proxy for the top of the Mesozoic basement. We divide the southwest Taiwan fold-and-thrust belt into a number of thrust sheets that form the basis of our description and interpretations. From these data we interpret the 3-D structure of the fold-and-thrust belt and the influence that the structure and morphology of the continental margin is having on its development. We show that there is a significant along-strike change in the structure. This change takes place across a transverse zone that is composed of a suite of structures at the surface. We suggest that this transverse zone has a causal relationship with variations in the geometry of the basal thrust which in turn is related to (possibly fault bounded) basement highs and lows that are inherited from the continental margin.
Introduction
In many fossil orogens, the involvement of the shelf or slope of the incoming continental margin, and the reactivation of faults on these parts of the margin, can often be shown to have played an important role in the structural evolution of their fold-and-thrust belts (e.g., Butler et al., 2006; Faulds & Varga, 1998; Flöttmann & James, 1997; Smith, 1999; Zanchi et al., 2006) . Nevertheless, from these preserved rock records it is not always straightforward what the initial configuration of the margins morphological and structural architecture were with respect to the developing fold-and-thrust belt, since they may be masked by large translation along thrusts and/or because of dismemberment by subsequent tectonic activity. Despite the difficulties, along-strike changes in the structural architecture of a fold-and-thrust belt are often interpreted to be caused by the reactivation of preexisting faults or changes in sedimentary thickness and facies that were inherited from the continental margin involved, although generally without specifics of where on the margin these came from or what their original architecture was (e.g., Arora et al., 2012; Duncan et al., 2003; Pérez-Estaún et al., 1997; Thomas, 1985; Turner et al., 2010; Yin, 2006) . Therefore, investigating an active orogen in which a continental margin is being deformed can yield important information about how a margins morphology and structure affect not only the structural architecture of a fold-and-thrust belt but also transient features such as seismicity and topography (e.g., Brown et al., 2017) .
Taiwan is a particularly propitious place for carrying out this type of study because the main morphological parts of the margin, including the shelf, the shelf-slope break (defined as the 200-m bathymetry contour), and the hyperextended part of the margin (starting at about the 3,000-m bathymetry contour [e.g., McIntosh et al., 2014] ), as well as the extensional fault systems (A. T. Lin et al., 2003; Yang et al., 1991) that make up the structural necking zone (Brown et al., 2017) , are all at a high angle to the developing structural grain of the fold-and-thrust belt (Figure 1 ). Therefore, it is possible to trace these margin features into the fold-andthrust belt and to readily determine how (or if) they are affecting its structural evolution (e.g., AlvarezMarron et al., 2014; Brown et al., 2017; Mouthereau et al., 1999 Mouthereau et al., , 2002 Suppe, 1986; Yang et al., 2007 Yang et al., , 2016 . In a number of recent publications (e.g., Alvarez-Marron et al., 2014; Brown et al., 2012 Brown et al., , 2017 Camanni et al., 2016) , we have explored the effect that the morphology and structure of the Eurasian continental margin is having on the structural evolution of the fold-and-thrust belt of south-central Taiwan. In these publications we proposed that effects of both the morphological (the shelf, the shelf-slope break, the slope) and the structural (the necking zone) parts of the margin can be seen in the Taiwan fold-and-thrust belt as along-strike changes in structure, seismicity, and topography (Brown et al., 2017) . In this paper we build on this theme, Figure 1 . Tectonic setting of the Taiwan arc-continent collision orogen with location of the Taiwan island in relation with the Luzon arc and its accretionary complex, the Ryukyu trench (RS) and major basins of the Eurasian margin. A simplified geological map of the island of Taiwan is shown (after C.-H. Chen et al., 2000) , and the main tectonic units are in the inset. The Tainan, Taihsi, and Nanjihtao basins offshore Taiwan include significant extensional structures oriented at a high angle to the structural grain of the orogen. The location of bathymetric contours 200-and 3,000-m depth is shown. The location of the study area is also shown. The convergence vector of 8.3 cm/year between the Philippine Sea Plate and the southern part of the Eurasian Plate is also given. PPS = Philippine Sea Plate; ChT = Changhua thrust; LF = Lishan Fault, SkF = Shuilikeng Fault; ChF = Chauchou Fault; BF = B fault; YF = Yichu fault; CF = Chiali fault. The inset shows the tectonostratigraphic units of the Taiwan orogen. CP = coastal plain; WF = western Foothills; HR = Hsuehshan Range; CR = Central Range; CoR = Coastal Range.
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Tectonics presenting the results of new geological mapping of the fold-and-thrust belt in southwest Taiwan (Figure 1) , providing a detailed analysis of its structural architecture, how this changes from north to south, and what the suite of structures are that occur along the area of change. We go on to propose how these areas of along-strike structural change can be related to the preexisting structure of the Eurasian continental margin.
Geological Background
The Taiwan orogen is evolving as a result of the latest Miocene to present collision between the Luzon Arc, located on the Philippine Sea Plate, and the Eurasian continental margin (Figure 1 ; Ho, 1986; Suppe, 1981) . The Philippine Sea plate is colliding with the Eurasian continental margin with a c. NW46°trend at a rate of about 8.2 cm/year (Yu et al., 1997) . The Taiwan orogen is divided into five roughly N-S oriented tectonostratigraphic zones that are separated by major faults (see inset; Figure 1 ). From west to east these zones are the following: the Coastal Plain, Western Foothills, the Hsuehshan Range, the Central Range, and the Coastal Range. In much of south-central Taiwan, the boundary between the Coastal Plain and the Western Foothills is interpreted to coincide with the mostly buried tip line of the Changhua Thrust (ChT in Figure 1 ). East of the Changhua Thrust, the low relief areas covered by Holocene sediments in the south and in the Pingtung Plain form thrust-top basins (C. Chiang et al., 2004) on the fold-and-thrust belt. In the study area, the Western Foothills is juxtaposed against the Central Range along the Chaochou Fault. The study area comprises the southwestern part of the Taiwan fold-and-thrust belt and foreland basin to the mountain belt (Figure 1 ).
The part of the Eurasian continental margin that is involved in the collision has evolved since the Eocene through several extensional episodes that predate the arc-continent collision (C. Y. Huang et al., 2012; . With the onset of rifting in the Eocene, a number of roughly northeast southwest oriented basins (e.g., Nanjihtao and Taihsi basins) developed on the margins shelf (A. T. Lin & Watts, 2002; Teng & Lin, 2004) and locally accumulated up to approximately 5 km of sediments (e.g., A. T. Lin et al., 2003;  Figure 1 ). During the Late Oligocene to Late Miocene, several extensional events further affected the outer shelf and necking zone areas of the margin (A. T. Lin et al., 2003) . This resulted in an array of roughly east-northeast striking extensional faults and development of the Tainan Basin (Ding et al., 2008; Lee et al., 1993; Y.-J. Lin et al., 2005; Shi et al., 2008; Q. Tang & Zheng, 2010; Yang et al., 1991 Yang et al., , 2016 Figure 1) . A number of extensional faults that developed along the outer part of the margin and its slope can be traced on land (e.g., the Yichu [YF] and B [BF] faults in Figure 1 ), into the Coastal plain area of southwestern Taiwan (A. T. Lin et al., 2008; Yang et al., 2006 Yang et al., , 2016 , where they have been shown to affect the structure of the foreland thrust-and-fold belt (Alvarez-Marron et al., 2014; Brown et al., 2017; Camanni et al., 2016; Rodriguez-Roa & Wiltschko, 2010; Suppe, 1986; Yang et al., 2007 Yang et al., , 2016 .
Stratigraphy
To maintain consistency with our previous publications, we use the same chronostratigraphic nomenclature as in Brown et al. (2012 Brown et al. ( , 2017 
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Tectonics rocks, this scheme follows the stratigraphic correlation of Shea et al. (2003; Figure 2) . We have subdivided a thick, latest Miocene through to Late Pleistocene-age, unit of mudstone with ribbons of sandstone that crops out in the southwestern part of the study area (the Gutingkeng Fm: Figure 2 ) using the chronological divisions for it that are provided by Horng and Shea (1994) and Horng (2014) . The stratigraphic thickness for each formation is, where possible, taken from published borehole data (Figure 3; Chang, 1963; S. C. Chiang, 1971; Chou, 1971; S. T. Huang et al., 2004; Shaw, 1996; C.-H. Tang, 1977; Tensi et al., 2006; Yuan & Huang, 1985) and isopach maps (Chou, 1980; Shaw, 1996; C.-H. Tang, 1977) within the study area, and from the geological map (Figure 4 ).
Throughout this paper we define the basement as all pre-Eocene rifting rocks upon which the Cenozoic Eurasian continental margin was built. Basement rocks do not crop out in the study area. Although, weakly metamorphosed siliciclastic rocks and marble that have been interpreted to be Mesozoic in age have been intersected in one borehole (CLI-1) on land ( Figure 3 ) and several boreholes offshore southwestern Taiwan (Chiu, 1975; Ho, 1988; Jahn et al., 1992; Shaw, 1996) . Mesozoic rocks do, however, crop out extensively in the Central Range where they comprise predominantly marbles and schists (Ernst, 1983; Ho, 1988; Lan et al., 2008; Stanley et al., 1981) . We therefore interpret these types of lithologies, capped locally by weakly metamorphosed clastic rocks, to comprise the basement beneath the study area. Within the study area, this basement can be unconformably overlain by Eocene through to Early Miocene rocks, since boreholes indicate that neither the Eocene nor the Oligocene rocks are present everywhere (Chiu, 1975; Ho, 1988; Shaw, 1996;  Figure 3 ).
The Eocene through Early Miocene rocks do not crop out in the study area. They have, however, been intersected in several boreholes (Figure 3 ). In these boreholes, the Eocene and Oligocene each comprise Tensi et al., 2006; Shaw, 1996; C.-H. Tang, 1977) . The interpreted approximate vertical throw accumulated by structures between boreholes is shown. (c) Stratigraphic correlation of boreholes HM-3, NS-27, TN-1, CCT-1, PPS-2, PTG-1, and CC-1 from the frontal and southern parts of the fold-and-thrust belt (taken from S. C. Chiang, 1971; Chou, 1972; Huang, 1984; S. T. Huang et al., 2004; C.-H. Tang, 1977) . The location of the basal thrust in HM-3, NS-27, and TN-1 is marked as ChT (Changua thrust). 
Tectonics up to several hundred meters of predominantly sandstone and shale, although they may be thicker in certain areas. The Early Miocene Takeng and Nankang formations comprise several hundred meters to nearly 1,000 m of sandstone and shale (Shaw, 1996; Yang et al., 2014 ; Figure 3 ).
The outcropping stratigraphy of the study area (Figure 4 ) comprises Middle Miocene through Holocene clastic rocks with, in the extreme southwest, small, isolated, and laterally discontinuous outcrops of limestone. In the north and east, the Middle to Late Miocene Nanchuang and the Late Miocene to Early Pliocene Kueichulin formations dominate (Figure 4 ). The Nanchuang Formation is made up of thin-to thick-bedded sandstone intercalated with shale. Its thickness varies widely across the study area, ranging 
Tectonics from several hundred meters to more than 2,000 m. These changes in thickness have been interpreted to be related to deposition of the Nanchuang Fm in marine extensional basins during the Middle Miocene development of the Tainan Basin (A. T. Lin et al., 2003; Yang et al., 2006) . The Nanchuang Fm is unconformably overlain by the Kueichulin Fm (A. T. Lin et al., 2003) .
The Kueichilin Fm comprises shallow marine facies, thin to very thick-bedded muddy sandstone and sandy mudstone. In agreement with A. T. Lin et al. (2003) , we take the Kueichulin Fm to mark the onset of synorogenic sedimentation in the foreland basin because of the regionally developed unconformity at its base that has been interpreted to be related to plate flexure caused by orogenic loading (A. T. Lin & Watts, 2002; Tensi et al., 2006) . This is in contrast to Teng (1987) , Covey (1986), and Hong (1997) , who suggest that the onset of foreland basin sedimentation occurred during the Early Pliocene, and is recorded by the appearance of slate clasts in the Chinshui shale at the base of the Cholan Fm. The Kueichilin Fm crops out extensively in the north and central part of the study area (Figure 4 ). It thickens significantly from east to west and from north to south, with thickness ranging from~150 m to more than 3,000 m (Figures 3 and 4 ; S. C. Chiang, 1971) . The Kueichilin Fm is conformably overlain by the Early Pliocene to Early Pleistocene marine facies Cholan Fm. The Cholan Fm may reach more than 4,000 m in thickness and is made up of interbedded mudstone, shale, and muddy sandstone. The Cholan Fm is overlain by the Early Pleistocene marine facies Toukoshan Fm, a coarsening upward sequence made up of thick-bedded muddy sandstone and shale that, upward, becomes interfingered with, and locally unconformably overlain by conglomerate. The Toukoshan Fm contains a number of regional-scale internal unconformities and can reach more than 3,000 m in thickness (Figure 4 ). The Toukoshan Fm is overlain by Holocene-age fluvial gravels that, in places, are several hundred meters thick.
Methodology
The structural analyses and interpretations that follow are based on our new geological mapping (Figure 4 ). This mapping is the southern continuation of previous work by our group in south-central Taiwan (AlvarezMarron et al., 2014; Brown et al., 2012) . Field mapping was carried out at 1:50,000 scale using the geological maps of the Central Geological Survey of Taiwan as a base. The final map was drawn at 1:50,000 scale using the chronostratigraphic scheme shown in Figure 2 . For clarity, in Figure 4 only representative structural data are shown; a 1:100,000 scale map with all of our bedding dip data can be found in supporting information Figure S1 and the bedding database in Table S2 . Major thrusts and their names have been correlated from north to south (see Ho, 1986 , for a similar correlation). In the description of the structure that follows, the study area has been divided into a number of structural units ( Figure 5 ).
Six balanced and restored cross sections, oriented perpendicular to the regional strike of structures (bedding, thrusts, and major fold traces), have been constructed using the geological map, field structural data, and the standard section construction techniques (Dahlstrom, 1969; De Paor, 1988; Hossack, 1979; Figures 6 and 7) . Where possible, additional constraints were placed on the structure and the stratigraphic thicknesses from published borehole data ( Figure 3 ). Boreholes were projected along the bedding strike onto the cross sections ( Figure 6 ). In an iterative process, together with the construction of cross sections, three roughly north-south, strike-parallel sections (NS-1, NS-2, and NS-3 in Figure 4 ) were also constructed (Figure 8 ), and maps of the basal thrust, branch line maps, and stratigraphic cutoff maps were drawn (Figures 9a and 9b ). This iterative approach insured a 3-D consistency of the structural interpretation and assured the viability of the cross sections. The cross sections have been line balanced (while conserving area) and restored (Figures 6 and 7), with the exception of section A-A', which was not restored because it crosses the oblique Yichu ramp (see below; Figure 9a ). In all the restored sections the western pin line was placed in the undeformed rocks to the west of the Changhua thrust tip line. The sections have been restored to a horizontal top of the Kueichulin Fm, a regional-scale marker that can be mapped throughout much of the study area ( Figure 4 ). Minimum shortening estimations in the cross sections, which is a by-product of their balancing and restoration, is briefly presented but is not the focus of this study.
Finally, to place some constraint on the depth to, and the geometry of, the top of the basement, we interpret it to approximately coincide with a P wave (Vp) velocity of 5.2 km/s (Figures 6 and 8), which is taken from the 3-D tomography model of Kuo-Chen et al. (2012) . See Brown et al. (2017) for a more extensive argumentation for using this velocity as a proxy for the top of the basement. We stress, though, that this isovelocity surface is only meant to help with the interpretation of the location of the top of the basement rocks at depth and that
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Tectonics it may not coincide with the depth to basement determined using the section construction methods (see the dashed red lines in Figures 6 and 8 ).
Before continuing with the presentation and discussion of the structure of the fold-and-thrust belt in the following sections, we feel that some remarks about the uncertainties involved in the interpretations are appropriate. The primary data set for all the interpretations that follow is the geological map ( Figure 4 ). During our mapping we have made a number of assumptions that could have led to errors in the map. These include (1) making a chronostratigraphic correlation that link different rock units and facies together on the basis of age and (2) correlating thrusts and stratigraphic contacts along strike through difficult terrain with, locally, sparse outcrop information. Any errors generated in this way were then introduced into the cross sections and these, together with the general assumptions involved in the cross-section construction, such as plane strain, no layer parallel slip, the fold mechanism, a horizontal top for the Kueichulin, or the depth to the basal thrust calculations, also lead to errors in the cross sections. A weakly constrained stratigraphic template precluded doing rigorous area balancing. See also Judge and Allmendinger (2011) and Groshong et al. (2012) for a general discussion of cross-section balancing and its uncertainties. Furthermore, we did not have access to either the original borehole descriptions or their locations. The borehole information presented here has been taken from various publications and may therefore contain significant errors. A further, and important uncertainty is the use of a Vp of 5.2 km/s as a proxy for the top of the basement. The uncertainties inherent in the velocity model, its low resolution (20 km by 20 km by 10 thick) compared to that of the surface geology, and the petrophysical assumptions made for conversion of Vp to rock type (e.g., Brown et al., 2017) all mean that 
Tectonics this assumption for the basement-cover interface may not be valid everywhere. While we have taken care to keep all of these uncertainties to a minimum, we nevertheless present both the map and the cross sections as interpretations, the restorations as approximations, and the displacement and shortening calculations as minimums.
Structure of Southwestern Taiwan

Surface Geology
The study area covers the Coastal Plain and the Western Foothills (including the area covered by Holocene sediments in the south and on the Pingtung Plain) of southwestern Taiwan (Figures 1 and 4) . In this area, the fold-and-thust belt is bounded to the east by the Chaochou fault and in the west by the buried tip line of the Changhua thrust (CT; Figure 4 ; see also, Ching et al., 2011; Rodriguez-Roa & Wiltschko, 2010; Shyu et al., 2005; Yang et al., 2007; Yu et al., 1997) . Seismicity to the west of the Changhua thrust indicates, however, that deformation is also taking place beneath this westernmost part of the Coastal Plain (e.g., Brown et al., 2017; 
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Tectonics Camanni et al., 2016; Shyu et al., 2005) . In terms of the morphological parts of the continental margin that are entering into the deformation, the study area (Figures 1 and 4) comprises the outer part of the shelf, as well as the on land projections of the shelf-slope break, and part of the slope area. In structural terms it comprises part of the necking zone and the beginning of the hyperextended part of the margin (e.g., Brown et al., 2017; Lester et al., 2014; McIntosh et al., 2014) . The boundaries between all of the morphological parts of the margin, as well as the extensional fault system on the necking zone, are oriented at a high angle to the structural grain of the developing fold-and-thrust belt (Figures 1 and 4 ; Lee et al., 1993; Yang et al., 1991 Yang et al., , 2016 . On the basis of borehole and reflection seismic data, a number of the roughly east-northeast striking extensional faults mapped in the offshore have been traced on land, into the Coastal Plain (the B, Yichu, and Chiali fault systems; e.g., A. T. Lin et al., 2003; Yang et al., 2014 Yang et al., , 2016 ; Figures 1 and 4) .
The structural grain of the fold-and-thrust belt in southwestern Taiwan is roughly north-northeast striking, with several pronounced, sigmoidal, en echelon changes toward a more northeast strike (Brown et al., 2017; Figure 4 ). It has a buried thrust front and all major thrusts are interpreted to extend southwestward into the offshore where they form a marine accretionary complex (C. Chiang et al., 2004; A. T. Lin et al., 2008; Shyu et al., 2005) . The surface structure of the study area is that of an imbricate thrust system, but with a pronounced north-south change in structural architecture that is presented and discussed in detail below. In the north, the study area comprises five thrust sheets: the Changhua, Chelungpu, Chutochi, Pingshi, and Chishan thrust sheets, whereas in the south it consists of the Changhua thrust sheet, the Xuxian antiform, and the Kuanglin synform ( Figure 5 ). Below, we will present evidence of, and arguments for, the north-south change in structural architecture taking place across a roughly east-west striking zone that we call the Hsinhua transverse zone ( Figure 5 ). In the southern part of the study area, large areas of the thrust sheets 
Tectonics (all of the proposed continuation of the Changhua thrust sheet, as well as the Kuanglin synform) are buried by Holocene sediments. Below we give a description of the surface geology of each of these, followed by an interpretation of the subsurface structure in section 5.2.
The Changhua thrust sheet ( Figure 5 ) is bounded in the west by the buried Changhua thrust and in the east by the Chelungpu thrust (ChT and CT, respectively, in Figures 4 and 5) . It crops out only in the northern half of the study area where it is composed of predominately Cholan and Toukoshan formations, with a minor amount of Kueichulin Fm in the northeast (Figure 4) . The southern half is covered by Holocene sediments, 
Tectonics and the trace of the buried Changhua thrust in Figure 4 is interpreted from small topographic highs and published reflection seismic data (see also, S. T. Huang et al., 2004; Shyu et al., 2005) . In the north, from east to west, the structure of the Changhua thrust sheet is that of a steep to gently west dipping monocline that is interrupted only by the doubly plunging Niushan anticline (NA in Figure 4) , whose western limb is locally steep to overturned. In the southeastern part of the outcropping Toukoshan Fm there is a regional-scale unconformity of Late Pleistocene age that juxtaposes shallow marine sandstone and shale against fluvial sandstone and conglomerate. There are a number of smaller, local, unconformities developed throughout the Pliocene and Pleistocene sequences in the Changhua thrust sheet (W.-S. Chen et al., 2001 ). In the area covered by Holocene sediments, the roughly east-northeast striking Hsinhua fault (Figure 4) represents the dextral oblique-slip surface rupture of the 1946 Hsinhua earthquake (Bonilla, 1975; Shyu et al., 2016) . In the very southwest, the Tainan anticline does not crop out but is marked at the surface by a small area of low topography. It has been imaged in reflection seismic data (S. T. Huang et al., 2004) . We interpret the Tainan anticline to be forming in the immediate hanging wall of the Changhua thrust (see also M.-H. Huang et al., 2009; Lacombe et al., 1999) .
The Chelungpu thrust sheet ( Figure 5 ) is bounded by the Chelungpu thrust (CT) in the west and by the Chutochi thrust (CuT) in the east (Figure 4 ). It contains Middle Miocene through Pleistocene rocks that are overlain by Holocene sediments. The Chelungpu thrust sheet is comprised predominately of the gently to moderately south-southwest plunging Yuching syncline (YS in Figure 4 ). In the immediate hanging wall of the Chelungpu thrust, along the western limb of the Yuching syncline, the Nanchuang and Kueichulin Fms dip steeply to the southeast before the dips shallow in the Cholan Fm where there are numerous local southeast dipping unconformities. Along the eastern limb of the Yuching syncline, bedding dips change direction and amount from north to south, and unconformities are not common. In the core of the Yuching syncline, moderately to steeply dipping Cholan Fm rocks are overlain by gently south dipping Toukoshan Fm along an Early Pleistocene-age unconformity (Figure 4) . Southward, the Chelungpu thrust sheet, ends against the Hsinhua fault (HF in Figure 4 ).
The Chutochi thrust sheet ( Figure 5 ) is bounded in the west by the Chutochi thrust (CuT) and in the east by the Pingshi thrust (PT; Figure 4 ). The Chutochi thrust sheet is composed of Middle Miocene through Early Pleistocene rocks. The structure of the Chutochi thrust sheet is dominated by the Tingpinglin syncline (TS in Figure 4 ), a gently south plunging syncline cored in the south by Cholan Fm. In the northernmost part of the thrust sheet, the Tingpinglin syncline is weakly developed within the Kueichulin Fm, which also contains a marked internal unconformity. Unconformities are not found in the Cholan Fm. The northern part of the Chutochi thrust sheet is cut by a connecting splay between the Chutochi and Pingshi thrusts. Southward, the Chutochi thrust ends against the Pingshi thrust, which cuts across both limbs of the Tingpinglin syncline.
The Pingshi thrust sheet ( Figure 5 ) is bounded in the west by the Pingshi thrust (PT) and in the east by the Chishan thrust (CiT; Figure 4 ). In the north, its internal structure and the traces of both the Pingshi and Chishan thrusts are not well resolved because of difficult access. Despite this, a number of small splays and their related folds have been identified along the margins of the thrust sheet in this area. The structure of the Pingshi thrust sheet is dominated by the moderately southwest plunging Hsiaolin syncline and the doubly plunging Shihchangli syncline (HS and SS, respectively in Figure 4 ). On the basis of an increased thickness of the Kueichulin Fm along the western limb of the Hsiaolin syncline, we interpret the presence of a minor thrust that thickens the Kueichulin Fm and causes minor folding in its hanging wall. We interpret the Pingshi thrust to continue southward into the eastern limb of the Xuxian antiform (PT in Figure 4 ).
The Chishan thrust sheet ( Figure 5 ) is bounded by the Chishan thrust (CiT) in the west and by the Chaochou Fault (ChF) in the east (Figure 4 ). Because of difficult access, only the margins of the northernmost part of the Chishan thrust sheet have been looked at in this study. In this area, the Nanchuang Fm rocks are intensely folded and faulted. The southern part of the Chishan thrust sheet comprises tightly folded and faulted rocks of the Nanchuang Fm, forming the west verging, south-southwest plunging Neiyingshan anticlinorium (NeA in Figure 4 ). We interpret the Chishan thrust sheet to continue southward beneath the Pingtung Plain, although with a prominent along-strike change from the Neiyingshan anticlinorium to the Kuanglin synform (Figure 4) . 
Tectonics Tang, 1977) and reflection seismic profiles (S. T. Huang et al., 2004) we have interpreted a generalized structure in the areas without outcrop, such as the Changhua thrust sheet and the Kuanglin synform. These interpretations are, however, highly speculative. Nevertheless, it is apparent that the Chelungpu thrust sheet ends southward against the Hsinhua fault. South of the Hsinhua and Zoujhen (ZF) faults, bedding dips are steep to gentle toward the west to southwest before taking on a southward dip as the contact between the Cholan and Toukoshan Fms turns to strike east-west, forming a south plunging fold closure (Figure 4) . We name this fold the Xuxian antiform. The core and the eastern limb of the Xuxian antiform is cut by the Lungchuan, Pingshi, and Chishan thrusts (LT, PT, and CiT, respectively, in Figure 4 ). Since it does not appear to continue northward or to merge with the Chutochi thrust, we interpret the Lungchan thrust sheet to form a horse in the footwall of the Pingshi thrust. The Xuxian antiform is composed of Late Miocene through Pleistocene rocks and is bounded to the west by the buried Chelungpu thrust and to the east by the Chishan thrust. Along the western limb of the antiform, there is a pronounced west to southwest dipping Late Pleistocene-age unconformity within the Toukoshan Fm that marks a change from shallow marine to predominately fluvial facies sediments. Smaller, local unconformities are widespread within the shallow marine facies rocks of the lower Toukoshan and Cholan formations.
The Kuanglin synform is bounded by the Chishan thrust in the west and the Chaochou fault in the east (Figure 4 ). It crops out only along its western side and its hinge area in the north. In the west, the Chishan thrust juxtaposes moderately to steeply southeast dipping Late Miocene through Pleistocene rocks against the eastern flank of the Xuxian antiform. Along the western limb of the synform, there is a marked Late Pleistocene erosional unconformity along which fluvial facies Toukoshan Fm conglomerate overlies shallow marine sandstone of the same formation. In the north, the hinge zone of the Kuanglin synform is composed of steeply southeast dipping and west dipping Kueichuin Fm thick-bedded sandstone, with and isolated outcrop of Late Pleistocene-age, slate-bearing conglomerate.
From the surface geology, it is clear that there is an important change in structural architecture from the thrust sheets in the north to the Xuxian antiform in the south, and from the Neiyingshan antiform in the north to the Kuanglin synform in the south. The zone across which this change takes place is not a single, discrete structure, but is composed of a suite of structures whose northern and southern boundaries are sometimes transitional into the regional-scale structures on either side. In the west, it comprises the roughly eastnortheast striking, dextral strike-slip Hsinhua fault (HF in Figures 4 and 5) , which extends at least from the surface rupture of the 1946 Hsinhua earthquake (solid line in Figure 4 ) eastward to the Chutochi thrust. The Zuojhen fault (ZF in Figures 4 and 5) is a zone that consists of several roughly east-southeast striking faults that join the Hsinhua fault in the west to form a conjugate strike-slip fault system. The Zuojhen fault can be traced eastward to the Pingshi thrust. In between the Hsinhua and Zuojhen faults, the structure comprises a series of north-northwest trending, upright folds. Eastward, the Pingshi and the Chishan thrusts display marked sigmoidal bending of their surface traces and of the bedding in their hanging walls. The Pingshi thrust cuts across both limbs of the Tingpinglin syncline, and the Chutochi thrust is cut by it. Between the area of sigmoidal bending of the Pingshi and Chishan thrusts, the Shihchangli syncline (SS in Figure 4 ) plunges moderately southward (approximately 50°) and gently northward (<5°) in its northern and southern parts, respectively (Figure 4) . Eastward, in the hanging wall of the Chishan thrust, where it goes through a change in strike, the Neiyingshan antiform terminates abruptly southward and the Kuanglin synform replaces it (NeA and KS, respectively, in Figure 4 ). We call this zone of structural changes the Hsinhua transverse zone ( Figure 5 ). We use the term transverse zone, as defined by Thomas (1990) , to be a systematic alignment of lateral connectors between two sets of differing structures. According to this definition, a transverse zone can be manifested as a suite of possible structures (these are described for the Hsinhua zone below) with a range of probable causes (which we will discuss later, in section 6).
Subsurface Structure
Because of the north-south differences in structure across the study area, we divide the description that follows into that to the north of the Hsinhua transverse and that to the south. Nevertheless, throughout the study area, we interpret the tip line of the Changhua thrust (ChT) to also be that of the basal thrust ( Figure 6 ). North of the Hsinhua transverse zone, the basal thrust in the west forms a shallow (~1-km depth) flat within the Pliocene or Pleistocene rocks before it ramps down eastward into the Middle Miocene (sections A through D in Figure 6 ). In this part of the study area, we interpret the juxtaposition of the 10.1029/2017TC004910 Tectonics Chelungpu, Chutochi, and Pingshi thrust sheets, with their leading thrusts located predominately in the Nanchuang Fm, together with the similar (although slightly increasing toward the east) erosion level in the cores of their respective synclines, to indicate that the basal thrust dips about 4°toward the east within the Middle Miocene rocks beneath these thrust sheets. Eastward, on the basis of the increased thickness of strongly folded Miocene rocks in its hanging wall, and on the uplift of higher velocity rocks (>5.2 km/s), we interpret a ramp into the basement to occur along the Chishan thrust (Figure 6 ). Displacement (measured as the distance that the top of Kueichulin moved along a thrust surface) along individual thrusts in section A through D generally decreases southward and increases eastward. Note, however, that we have poor control on section A and limited information for the Chishan thrust where this cutoff is not found (Figure 6 ). From the balanced and restored cross sections, we estimate the minimum shortening in this part of the fold-and-thrust belt to be between 17 and 25 km (Figure 7) . South of the Hsinhua transverse zone, especially along much of section F and the western part of section E, the fold-and-thrust belt is poorly exposed, being buried by Holocene sediments in thrust-top basins. We therefore have variable control on the surface structure south of section E with which to place constraints on the subsurface geometry of the thrust system. Nevertheless, borehole TN-1 (Figure 3) shows that the Cholan and Toukoshan formations thicken significantly compared to north of the Hsinhua transverse zone, whereas along the western limb of the Xuxian anticline the Miocene thins or even disappears. In agreement with the interpretation of M.-H. Huang et al. (2009) and Mouthereau et al. (2001) , we interpret the basal (Changhua) thrust to be listric along its westernmost part before forming a flat within the Cholan Fm at 4-km depth (Figures 6e and 6f) . Eastward, we interpret it to ramp down into the Middle Miocene rocks beneath the Xuxian antiform, since these rocks are exposed in its core and in thrust sheets along its eastern flank. Based on the shallowing of the 5.2 km/s isovelocity line, we interpret the basal thrust to ramp down into the basement east of the Chishan thrust ( Figure 6 ).
The Kuanglin synform is only exposed along part of its western flank and in the core of the synform in the north (Figure 4) . On the basis of our surface structural data, boreholes PTG-1 and CC-1 (Figure 4) , and following Mouthereau et al. (2001) and Chiang et al. (2004) , we interpret the Kuanglin synform to widen southward into a broad, open syncline with only minor internal deformation. Despite limited control on stratigraphic cutoffs we nevertheless interpret displacement to increase eastward in Section E and calculate a minimum shortening of around 24 km. Estimates of displacement and shortening for Section F are highly speculative.
In the strike-parallel sections (Figure 8) , we interpret the transition in structure across the Hsinhua transverse zone, with the exception of NS-1, to be smooth, continuous, and marked by a general southward dip of all contacts. Although, the details of this area of transition may be more complex, and it cannot be fully resolved with the current data set. Because of this uncertainty, in Figure 8 we show the Hsinhua transverse zone as a gray area and the basal thrust as a dashed line. In Section NS-1, the area of the Hsinhua-Zoujhen fault system displays a pronounced, asymmetrical, and faulted anticline that we interpret to be forming in a dextral, positive flower structure that possibly cuts the basal thrust. In Sections NS-2 and NS-3, however, it is not clear how the transverse zone is reflected in the subsurface structure. Nevertheless, on the basis of the balanced cross sections (Figure 6 ), we interpret the basal thrust to deepen by up to 2 km from north to south, across the Hsinhua transverse zone (Figure 8) , and the borehole data (Figure 2) show a thinning of the Middle Miocene rocks, in particular the Nanchuang Fm, and the concomitant thickening of the Kueichulin, Cholan, and Toukoshan formations.
By contouring the basal thrust from the cross-and strike-parallel sections, we see that it dips gently toward the southeast, with two pronounced sigmoidal changes in strike of the depth contours that form what we call the Yichu and Hsinhua oblique ramps (Figure 9a) . From north to south, the branch line of the Chelungpu thrust undergoes a marked change in strike, from nearly downdip along the Yichu ramp to roughly parallel to the basal thrust contours across the Hsinhua ramp (Figure 9b ). The branch lines of the Chutochi and Pingshi thrusts are oblique to the basal thrust contours across both the Hsinhua and Yichu ramps. Both ramps end at the Chishan thrust as, on the basis of the shallowing of the 5.2 km/s isovelocity surface, this thrust is interpreted to ramp down into the basement (gray are in Figure 9b ). From our data we can only determine the hanging wall and footwall cutoffs with respect to the basal thrust for the Kueichulin Fm along the Chelungpu thrust (Figure 9b ). In the north, these cutoffs undergo significant changes in strike and location with respect to the Chelungpu branch line compared to farther south. In the north, the cutoffs parallel the 10.1029/2017TC004910 Tectonics basal thrust contours along the Yichu ramp, reaching up to nearly 15 km west of the branch line at a depth of 1 to 2 km. They then take on a nearly north-south strike, cutting obliquely across the basal thrust contours along the Hsinhua ramp to become parallel to them along the frontal ramp where they are east of the Chelungpu branch line at a depth of 5 to 6 km. The transport direction, which is calculated to be perpendicular to the footwall and hanging wall cutoffs, is approximately westward in the north, becoming more westnorthwest in the south (Figure 9b ). These changes in orientation and location of the cutoffs relative to the thrust branch line provide further evidence that the Yichu and, in particular, the Hsinhua oblique ramps have an important effect on the structure of the thrust system. Although these determinations of transport direction provide important kinematic information for our structural model, the information is limited since we were not able to resolve the location of the cutoffs across the Hsinhua oblique ramp, nor the cutoffs for other thrusts. Nevertheless, the transport directions obtained in this way are in good agreement with long-term displacements fields determined by Lacombe et al. (1999 Lacombe et al. ( , 2001 ) and modeled with GPS data by Ching et al. (2011) . There are also significant changes in fold style, plunge direction, and plunge amount associated with both the Yichu and the Hsinhua oblique ramps (Figure 9c ). For example, in the northern part of the study area, the fold structure is dominated by long, shallowly plunging synclines with mildly sinuous axial traces (YS and TS in Figure 9c) as they cross the Yichu oblique ramp, but they terminate abruptly at the Hsinhua oblique ramp. Here axial traces are short and, where there are sharp bends in the oblique ramp, folds have overall moderately to gently northwest or southeast plunges. A notable exception to this is the periclinal Shihchangli syncline (SS in Figure 9c ) whose axial trace undergoes marked changes in plunge amount and direction as it crosses the Hsinhua oblique ramp, giving it a geometry common to folds draping over lateral footwall ramps (e.g., Alvarez-Marron, 1995).
The structure beneath the basal thrust is highly interpretative throughout the study area, and to show this, we have left parts of the sections blank (Figures 6 and 8) . Nevertheless, we feel that it is essential for understanding the potential role played by the basement in the deformation to attempt some constraints on the structure beneath the basal thrust. From the borehole data and the surface geology (Figures 3 and 4) , it is clear that there are changes in thickness of the Miocene rocks from one thrust sheet to another. These changes in thickness have been interpreted here, and in a number of other studies in southwest Taiwan (Alvarez-Marron et al., 2014; Rodriguez-Roa & Wiltschko, 2010; Suppe, 1986; Yang et al., 2007 Yang et al., , 2016 , to indicate the presence of roughly east-northeast striking, Miocene-age, extensional faults that had developed on the outer shelf, and slope areas of the continental margin (e.g., A. T. Lin et al., 2003; Yang et al., 1991) . In our sections (Figures 6 and 8) we have also interpreted changes in depth of the 5.2 km/s isovelocity line to coincide with several of these extensional faults allowing us, in a number of cases, to trace them from one section to another (e.g., where they affect the geometry of the basement-cover interface proxy. We stress, however, that the details of the basement structure remain speculative.
Discussion
An important step for understanding the 3-D structure of a fold-and-thrust belt is to be able to link its mapped surface structure with a well-constrained interpretation of its structure at depth. In general, this is accomplished by the iterative construction of serial cross-and along-strike sections (as described in section 4). Further insights into the subsurface structure can then be obtained by making maps of stratigraphic cutoffs and thrust branch lines off the basal thrust (e.g., Boyer & Elliott, 1982; Elliott & Johnson, 1980; Hossack, 1983; Oncken et al., 1999; Srivastava & Mitra, 1994; Woodward, 1986) . This workflow results in an integrated structural model of a fold-and-thrust belt that, while nonunique, reduces the uncertainties inherent in a 2-D model composed of serial cross sections alone. From such a structural model we can make reasonably well-constrained interpretations of the structure and make inferences about the geological processes that went into the development of the structural architecture of the fold-and-thrust belt in southwest Taiwan. Of these processes, the reactivation of faults derived from a continental margin has been shown to be particularly important in many fold-and-thrust belts from around the world, including Taiwan (see the references in the section 1). In the discussion that follows, we focus on the along-strike change in structure that takes place from the Chelungpu, Chutochi, Pingshi, and Chishan thrust sheets in the north to the Xuxian antiform and the Kuanglin synform in the south, arguing, as we did in section 5.1, that this change takes place along a transverse zone. We then go on to argue that this transverse zone is reflecting the response of the deformation in the fold-and-thrust belt to structural and morphological features inherited
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Tectonics from the deforming Eurasian continental margin. Other workers have also interpreted transfer zones in this part of the fold-and-thrust belt and interpreted them to be the result of the reactivation of preexisting faults on the margin (e.g., Deffontaines et al., 1997; Lacombe et al., 1999) . While our field data do not support the model of transfer zones as proposed by Deffontaines et al. (1997) , Lacombe et al. (1999 Lacombe et al. ( , 2001 , Mouthereau et al. (1999 Mouthereau et al. ( , 2002 , and , it is noteworthy that the dip directions of the Yichu and Hsinhua oblique ramps (Figure 9 ) roughly coincide with the interpreted strikes of their Chiayi and Chishan transfer zones. Furthermore, S. T. Huang et al. (2004) interpreted sigmoidal bends in the basal thrust near our Hsinhua oblique ramp to be related to basement highs, going on to suggest that these bends might be the cause of the changes in the GPS displacement field in this area.
If we accept that the suite of structures mapped at the surface (east-northeast striking faults, sigmoidal bends of thrusts, periclinal folds, etc.) and in the subsurface (an oblique ramp in the basal thrust, the change in location and depth of stratigraphic cutoffs, and so on) form a transverse zone (Hsinhua) across which the important north to south change in the structure of the southwest Taiwan fold-and-thrust belt occurs, then we can begin to investigate whether or not there is a causal relationship between this transverse zone and some aspects of the morphology and/or structure of the Eurasian margin. The P wave velocity model provides a key data set for investigating whether or not such a causal link exists, since it allows us to interpret features at depth below the fold-and-thrust belt that may be related to structures in the basement that are being inherited from the margin (Brown et al., 2017) . For example, a 6-km depth slice through the P wave velocity model ( Figure 10 ) shows a north-northeast trending velocity high through the study area that is bounded to the south by a northnortheast trending velocity low. These may be constituted by more than one velocity high and low, but, as stated in section 4, our tomography can only resolve minimum volumes of 20 km by 20 km by 10 km thick (Kuo-Chen et al., 2012) . Nevertheless, this is well within the range to resolve basement highs and lows such as those imaged on the necking zone of the margin by reflection seismic and wide-angle tomography profiles (e.g., Brown et al., 2017; Lester et al., 2014; Li et al., 2007; McIntosh et al., 2014) . We therefore interpret the velocity high and low in Figure 10 to be related to a basement high (Tainan Basement High) and low (Kaoshiung Basement Low).
By mapping the contours of the basal thrust derived from our 3-D structural model on the 6 km Vp depth slice (Figure 10) , it is evident that, even given the resolution of the velocity model, there is good correlation between the location of the Yichu and Hsinhua oblique ramps and the Tainan Basement High. Furthermore, this correlation suggests that the topography of the basement has a roughly northeast to east-northeast striking structural grain, similar to that of extensional fault systems mapped on the margin offshore (e.g., A. T. Lin et al., 2003; Yang et al., 1991 Yang et al., , 2016 . On the basis of this correlation we suggest that it is possible to interpret a causative link between structures in the fold-and-thrust belt (i.e., oblique ramps and transverse zones) and features that are inherited from the continental margin (basement highs and lows). While we draw smooth, continuous contours for the basal thrust, it is likely that the east-northeast striking faults that bound similar basement highs and lows offshore, and which extend into the Coastal Plain (e.g., S. T. Huang et al., 2004; Yang et al., 1991 Yang et al., , 2016 , also bound the Tainan Basement High. The widespread occurrence of seismicity below the basal thrust and with dextral strike-slip focal mechanisms in the area around the Tainan Basement High (e.g., Hsu et al., 2010; Wu et al., 2010) is, furthermore, suggestive of reactivation of these faults. Since these reactivating faults are active over the same geological time frame as the basal thrust, this will cause the basal thrust to accommodate to the reactivating fault via a lateral ramp and/or a breaching of the basal thrust, implying a complex kinematic and geometrical relationship between them (e.g., Bayona et al., 2003; Calassou et al., 1993; Thomas, 1990; Thomas & Bayona, 2002; Turner et al., 2010 ) that, we think, will result in the formation of structures such as those described for 
Tectonics Hsinhua transverse zone. Numerous authors (e.g., Alvarez-Marron et al., 2014; Brown et al., 2017; Mouthereau et al., 2001; Rodriguez-Roa & Wiltschko, 2010; Suppe, 1986; Yang et al., 2007 Yang et al., , 2016 interpret structural complexities in the geology of southwest Taiwan to be related to the reactivation of such faults, although it is not always clear from these interpretations how the interaction between the reactivated faults and the basal thrust is coupled (or not). An exception is who interpret an imbricate thrust system in which thrusts sole into a ductile shear zone at about 15-km depth. Regardless, widespread seismic activity throughout nearly the entire crust in southwest Taiwan (Chang et al., 2007; Chao et al., 2011; Hsu et al., 2010; Wu et al., 2010; Yang et al., 2016) suggests that both the preexisting faults of the margin and those of the fold-and-thrust belt are all currently active.
Following the interpretation of Brown et al. (2017) , the study area corresponds structurally to the intensely faulted necking zone and the beginning of the hyperextended part of the margin and, morphologically, to the outer shelf, the shelf-to-slope transition, and the slope (Figures 1 and 4 ). In the above discussion, we have dealt with the possible causal relationships between structures inherited from the margin and those in the fold-and-thrust belt. In what follows, we briefly look at possible linkages between the morphological parts of the margin and the structure of the fold-and-thrust belt. In southwestern Taiwan, both the mapped surface trace of thrusts and the subsurface contours of the basal thrust undergo a series of sigmoidal bends to take on an orientation that approximates that of the shelf-slope break and the onset of the hyperextended part of the margin (Brown et al., 2017; Figures 4 and 10) . It is at the shelf-slope break where the frontal thrust of the fold-and-thrust belt goes offshore to form the front of the marine accretionary prism (Figure 1 ; see also A. T. Lin et al., 2008) . Furthermore, the area encompassed by the Yichu and Hsinhua oblique ramps roughly correlates in location and strike with a significant southeastward increase in thickness of the Miocene through Pleistocene sediments (e.g., Chou, 1972 Chou, , 1980 and with a change in facies toward deeper water deposits (Castelltort et al., 2010; Chou, 1972; Lin & Watts, 2002; Nagel et al., 2013) . Therefore, another factor that may be influencing the along-strike structural changes in the southwest Taiwan fold-and-thrust belt could be related to mechanical differences along the basal thrust (e.g., Albers, 1967; Koyi et al., 2016; Mugnier et al., 1999; Ruh et al., 2014 ) that can be caused by changes in sedimentary thickness and facies. Although Mouthereau et al. (2001) explore some aspects of the influence of stratigraphic thickness and facies on the structure of the fold-and-thrust belt, we feel that more work, which should include numerical modeling, needs to be carried out before we can begin to draw conclusions about the influence of changes in sedimentary thickness and facies on the fold-and-thrust belt in southwest Taiwan.
Conclusions
On the basis of our new surface geological mapping, we interpret the structure of the fold-and-thrust belt in southwest Taiwan to be an imbricate thrust system with a pronounced north-south change in structural architecture across a roughly east-west striking zone that we call the Hsinhua transverse zone. The Hsinhua transverse zone falls along the on land projection of the shelf-slope break (Figures 4 and 10) , and it coincides with Zone C of Brown et al. (2017) . In this interpretation, the northern part of the study area comprises five thrust sheets: the Changhua, Chelungpu, Chutochi, Pingshi, and Chishan thrust sheets, whereas to the south of the Hsinhua transverse zone we divide the structure broadly into Changhua thrust sheet, the Xuxian antiform, and the Kuanglin synform ( Figure 5 ). In our balanced and restored cross sections, we interpret the tip line of the basal thrust to be the buried Changhua thrust and, in the west, to lie within the Pliocene or Pleistocene synorogenic sediments before ramping down stratigraphic section eastward into the Early and Middle Miocene rocks and finally into the basement along the Chishan thrust. We estimate the minimum shortening across the fold-and-thrust belt in southwest Taiwan to be on the order of 17 and 25 km.
Overall, the basal thrust to the imbricate thrust system dips gently southeastward, but it has two pronounced sigmoidal changes in strike that form what we call the Yichu and Hsinhua oblique ramps. We suggest that the dextral strike-slip faulting, sigmoidal bending of the surface trace of thrusts, folds axes, and bedding (i.e., the Hsinhua transverse zone), together with the along-strike change in structure that occur in the fold-and-thrust belt of southwest Taiwan can be directly linked to these two oblique ramps. We furthermore suggest that both these oblique ramps can be directly correlated with topographic highs and lows that we interpret to occur in the basement (Figure 10 ) and that this possibly indicates a causative relationship between the 10.1029/2017TC004910 Tectonics basement structure, the geometry of the basal thrust, and the along-strike changes mapped in the surface geology. We also acknowledge that the along-strike structural changes in the southwest Taiwan fold-andthrust belt could also, in part, be related to mechanical differences along the basal thrust that can be caused by the changes in sedimentary thickness and facies that take place across the outer part of the shelf and the slope areas of the margin.
